The T helper cell type 1 (Th1)
Introduction
T cells mediate acquired resistance to leishmaniasis. This notion has been supported by classical experiments which established that T cell-deficient mice rapidly succumb after inoculation with any one of several species of Leishmania, and that transfer of normal T cells confers resistance to the animals (1) (2) (3) . The CD4 + subset of T cells is crucial for resistance, whereas CD8 + T cells seem to participate more in the memory events of the immune response than as effector cells involved in parasite elimination. However, recent studies have suggested that CD8 + T cells are also involved in the clearance of primary infection. These conclusions were reached on the basis of a series of elegant experiments using mice genetically engineered to lack either major histocompatibility complex (MHC) class I or class II molecules, or mice lacking CD4 + or CD8 + T cells (4) (5) (6) (7) (8) (9) (10) (11) .
In addition, the murine model has been extremely helpful for the understanding of the genetic mechanism of protection conferred by T cells. Most inbred mouse strains (e.g., C57BL/6, CBA/J, C3H, B10D2) are resistant to infection with Leishmania major. Upon intradermal/sub-cutaneous injection with L. major, these animals develop a small lesion that subsides within 6-8 weeks. By contrast, BALB/c mice are highly susceptible to infection with these organisms (12, 13) . These mice fail to control the infection and develop extensive lesions. The parasites metastasize to the internal viscera (primarily liver, spleen, and bone marrow), an event that may lead to the animal's death. Many different genes spanning the mouse genome have been implicated in susceptibility/resistance to Leishmania. Most of these genes do not map within the MHC systems of either humans or mice, including the SCL-1 gene implicated in the high susceptibility of BALB/c mice to infection with L. major (14) .
However, one of the most striking concepts arising from these studies is the clear association of resistance and susceptibility with the emergence of the two phenotypi-cally distinct subsets of CD4 + T cells, namely T helper cell type 1 (Th1) and type 2 (Th2) cells, during the disease process. Upon infection with L. major, mice of the resistant phenotype clearly develop a dominant Th1 phenotype of immune response to the parasite's antigens. By contrast, BALB/c mice develop a typical Th2 response. Several systems have been used to correlate resistance/susceptibility with Th1/Th2 responses but perhaps the most compelling one is that involving mice genetically deficient in either interferon γ (IFN-γ) or interleukin 4 (IL-4), the phenotypic surrogates of the Th1 and Th2 CD4 + T cell responses, respectively. Thus, targeted disruption of the IFN-γ gene in C57BL/6 mice causes these animals, which are otherwise resistant to infection with L. major, to become highly susceptible to these organisms (15, 16) . Moreover, IL-4 transgenic resistant mice expressing low levels of this cytokine fail to clear the infection (17, 18) . In addition, targeted disruption of the IL-4 gene in BALB/c mice causes these animals, which are otherwise susceptible to infection with L. major, to become highly resistant to these organisms (19) . However (and surprisingly), genetic disruption of the IL-4 gene of BALB/c mice can also generate animals that are as susceptible to infection with L. major as are wildtype conventional BALB/c mice (20) . The reasons for this discrepancy depend on some circumstances such as infection with particular L. major sub-strains, due to the fact that IL-4 and/or IL-4 receptor signaling is not required to promote Th2 cell development and susceptibility in BALB/c mice (21) .
More recently, susceptibility and resistance to Leishmania infection in the mouse model have also been demonstrated to be associated with the emergence of a unique subset of T cells, namely the T regulatory cells (T reg) and with the levels of the cytokine IL-10 (22,23). T reg cells (CD4 + CD25 + ) suppress the activity of effector T cell populations (CD4 + CD25 -) specific for self-antigens as well as foreign invaders such as leishmania parasites. Interestingly, during infection of C57BL/6 mice with L. major, CD4 + CD25 + T cells accumulate in the leishmanial skin lesions, and these cells produce IL-10 upon in vitro stimulation with parasite antigens. IL-10 is a potent inhibitor of IFN-γ production and has been shown to be a key cytokine that favors the persistence of the parasites in skin lesions (24) . Therefore, T reg cells and IL-10 are important and integrated mediators or regulators of resistance/susceptibility to leishmaniasis.
Premises concerning Th1/Th2 in vaccine development
During the past decade, several investigators have used the Th1/Th2 paradigm to construct a syllogism that supports a strategy of antigen discovery/selection in vaccine development against leishmaniasis. Thus, leishmanial antigens that predominantly stimulate Th1 responses in patient cells or spleen or lymph node cells from mice infected with L. major have commonly been accepted as "potential protective antigens" and therefore promising vaccine candidates. Conversely, antigens that predominantly stimulate a Th2 response from these cells have been regarded as of lesser interest as vaccine candidates because they are likely to be associated with pathology.
Paradoxically with respect to the conventional Th1/Th2 paradigm, many investigators have observed that several leishmanial antigens against which a Th1 response is developed during the infection are not necessarily protective antigens. For example, lymph node cells of BALB/c mice chronically infected with L. major, upon stimulation with the Ldp23 antigen produce high levels of IFN-γ and undetectable amounts of IL-4, a typical Th1 response (25) . However, immunization of BALB/c mice with Ldp23 in combination with adjuvants that preferentially induce Th1 responses, such as IL-12
Th1/Th2 in leishmaniasis vaccine and monophosphoryl lipid A plus squalene (MPL-SE), despite stimulating a strong antigen-specific Th1 response in the absence of any detectable Th2 response, results in no protection (26) . This lack of correlation with protection was also observed with eight other leishmanial antigens that have been discovered and selected on the basis of the Th1/ Th2 paradigm and using peripheral blood mononuclear cells from cured leishmaniasis patients as immunological readouts (26, 27) .
In clear contrast, the LACK antigen stimulates a strong Th2 response that can be detected in lymph node and spleen cells soon after infection of BALB/c mice with L. major. In addition, the sera of these animals contain high titers of IgG1 anti-LACK antibodies. In spite of this, LACK induces substantial protection in BALB/c mice if administered in conjunction with adjuvants that stimulate Th1 responses (28, 29) . More recently, a Leishmania mexicana cysteine protease antigen named CPB2.8 was shown to be a potent Th2-inducing molecule during experimental leishmaniasis but, similarly to LACK, capable of inducing significant protection if administered with Th1-modulating adjuvants (30) .
In another situation, the LmSTI1 antigen stimulates mixed Th1/Th2 responses in lymph node cells of BALB/c mice infected with L. major and the sera of these animals contain high titers of IgE, IgG1, and IgG2a anti-LmSTI1 antibodies (31) . As is the case for LACK, LmSTI1 is readily recognized by the mouse lymph node and spleen cells soon after infection. Moreover, LmSTI1 induces excellent protection in BALB/c mice and in monkeys if used with IL-12 (32) or MPL-SE (33) as adjuvant. Interestingly, these two antigens (LACK and LmSTI1) do not share sequence similarities and yet are equally involved in stimulating primarily a Th2 response during the infectious process caused by L. major in BALB/c mice. Therefore, it seems that the biased Th2 response is not dependent on a particular molecular characteristic of leishmanial antigens.
Moreover, recent experiments using the avirulent mutant phosphoglycan-deficient L. major (lpg2-parasites) demonstrated that infection of mice with this parasite results in minor disease and long survival of the mutant in the animals' tissues. Interestingly, for reasons not yet understood, lymph node cells from the mice infected with this mutant, in contrast to mice infected with wild-type parasites, produced minimal levels of IL-4 and IL-10 after in vitro stimulation with L. major soluble antigens. However, the levels of IFN-γ produced by the cells of mice infected with the mutant were only slightly lower than the levels of IFN-γ produced by the lymph node cells of mice infected with wild-type L. major. Not surprisingly, vaccination of BALB/c mice with lpg2-parasites conferred excellent protection against challenge with virulent organisms (34). In conclusion, the protection induced by lpg2-parasites is basically not associated with enhanced IFN-γ production in response to leishmanial antigens but clearly with a dramatic suppression of IL-4 and IL-10 responses to the same antigens.
It is clear that these results do not support the use of Th1 cells from infected hosts as readouts for antigen selection in vaccine development against leishmaniasis. However, they by no means challenge the concept that a Th1 response is essential for protection against leishmaniasis. Indeed, as mentioned above, inducing a Th1 immune response to LACK before infection results in protection (28, 29) . Conversely, immunization of BALB/c mice with LmSTI1 formulated with alum, an adjuvant that polarizes the immune response to Th2 phenotype, results in no protection, in clear contrast to immunization with the IL-12 adjuvant (35).
An alternative Th1/Th2 premise
We conclude from these arguments that for vaccine development against leishmaniasis, the use of immunological mediators of polarized Th1-specific immune response to parasite antigens as readouts for antigen discovery and selection seems to be redundant and irrelevant. Rather, potent Th2-inducing antigens that are expressed or secreted by the parasites after infection (particularly during the initiation of the infection) seem to be more appropriate target molecules for vaccine development, as long as they are administered with an adjuvant that, in combination with them, modulates a strong Th1 response, thus preventing the emergence of disease favoring antigen-specific Th2 clones ( Figure 1) . Indeed, once Th1 cells are triggered for a particular antigen a memory is generated and a future infectious process will restimulate these Th1 memory cells instead of possible Th2 responses that would normally emerge if the memory had not been previously established (36) . In other words, offsetting the parasite's Th2 strategies instead of fostering the Th1 response that is elicited during infection can be an efficient alternative in vaccine development against leishmaniasis.
Unfortunately, at this time, despite the fact that evaluation of antigen immunogenicity during later phases of the infectious process (e.g., 2-3 weeks post-infection) can be easily achieved, the evaluation and selection (discovery) of antigens that stimulate the immune response immediately after the initiation of the infection is a rather difficult task. However, T cell lines can be generated from lymph node cells of mice as early as 2-3 days post-infection, thus opening the possibility to use them in gene cloning strategies as readouts of the pathogen's cDNA or genomic expression libraries (27, 33) . This approach should permit the identification or discovery of dominant Th1 or Th2 parasite antigens that are expressed immediately after the initiation of the infectious process.
A constraint of this proposed unorthodox alternative is that it relies primarily on the unique Th1/Th2 paradigm of the mouse model of leishmaniasis. As already mentioned, recent evidence suggests that leishmanial antigens stimulate T reg cells (CD4 + CD25 + ), thus impairing the activation of the effector CD4 + CD25 -T cells. Therefore, under these circumstances such antigens are not necessarily associated with the classical Th1/Th2 pathways of regulation of resistance/susceptibility and would theoretically be missed by strategies designed to detect Th2-inducing antigens. However, the T cell-cloning strategy can be easily adapted for the detection of IL-10-inducing antigens. Therefore, the parasite's genes encoding such antigens can be cloned and expressed and theoretically used, similarly to Th2-inducing antigens, in immunization protocols that offset their ability to induce IL-10. A second constraint of our proposal is that it may not be applicable to humans because the Th1/ Th2 paradigm is not as strongly supported in humans as it is in the murine model of leishmaniasis. However, although circumstantial, evidence does suggest that resistance and susceptibility to cutaneous leishmaniasis may be associated with the Th1 phenotype of the immune response in humans as well (37, 38) . A third possible constraint of the proposal is that the singularity of the high susceptibility of BALB/c animals to infection with L. major may not reflect the general susceptibility of humans, particularly patients with cutaneous leishmaniasis in the "Old World". Resistant mice (e.g., C57BL/6) may perhaps reflect better the clinical response of humans to this parasite and other self-limiting leishmania infections. In contrast, the BALB/c model perhaps reflects better the clinical response of some non-self healing patients with "New World" leishmaniasis. However, the use of the more susceptible animal models seems appropriate because they mirror more closely the immunological status of the individuals in the human population who are ultimately the targets of the vaccine, i.e., the susceptible and not the resistant or self-healing individuals.
Thus, we conclude that, apart from these listed constraints, a pragmatic approach to the development of a vaccine against leishmania infection, and perhaps against other intracellular infectious organisms, is to prioritize antigens based on potency and on the Th2 phenotype of the immune response that is generated against them immediately after the initiation of the infection. At least theoretically, the most immunogenic Th2 antigens during the early phases of the infectious process should be the most readily available and perhaps most abundant targets for protection upon a vaccination regime that primes a solid and sustained Th1 response to them. In other words, offsetting the parasite's Th2 strategies instead of fostering the Th1 response that is elicited during infection can be an efficient alternative in vaccine development against leishmaniasis and other pathogens.
Indeed, using a similar criterion, we have identified a Mycobacterium tuberculosis protein which is a promising candidate for a recombinant antigen vaccine against tuberculosis (39).
